Many systems in medicine, biology, high-energy physics, and astrophysics require large area radiation sensors. In most of these applications, minimizing the amount of dead area or dead material is crucial. We have developed a new type of silicon radiation sensor in which the device is active to within a few microns of the mechanical edge. Their perimeter is made by a plasma etcher rather than a diamond saw. Their edges can be defined and also passivated by growing, in an intermediate step, a field oxide on the side surfaces. In this paper, the basic architecture and results from a synchrotron beam test are presented. r 2006 Published by Elsevier B.V.
Introduction
Silicon radiation sensors are used extensively in many fields of research as well as industry. In most, the electrodes form thin layers on the top and bottom surfaces. A new type, employing a new fabrication technology, in which the threedimensional (3D) electrodes form a 3D array, not confined to the surfaces, has been described in a series of papers giving their design, fabrication, and unique properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . This paper initiates another series, in which additional new features are added, providing sensors with one or more edges that are turned into a 3D border electrode. The electrode is made from the surfaces exposed by etching a trench around the appropriate sensor edges. These structures can reduce the width of the insensitive border region, which ranges from about 100 mm to more than 1 mm, by two to three orders of magnitude, with an insensitive region of several microns or less. (One paper of the original series [6] presented some of the technology that was planned, and two IEEE-Nuclear Science Symposium talks [10] discuss the remainder.) Fig. 1 shows several reasons why sensors made with standard planar technology have border dead areas. Such near-edge sensitivity is important because many applications require the coverage of areas that are much larger than the area of a single sensor. For example, use of tiled or overlapping sensors with inactive border regions for X-rays leads to insensitive or shadowed bands at their boundaries. Even in fields such as particle physics, with penetrating particles, minimizing the total amount of material in a detector can be important as this reduces the loss of information caused by multiple scattering and inelastic interactions and also allows sensitivity close to an otherwise forbidden region such as the near-vicinity of an accelerator beam [11] . Other applications in which X-rays impinge on a sensor edge also could benefit by the absence of insensitive edges, which would reduce the quantum efficiency [12, 13] .
Sensor types and fabrication
Several types of sensors have been made with active edges:
(1) Full 3D-active edge: the interior electrodes are also 3D ones. They will be described in a separate paper. Type 1 would usually be chosen if extreme radiation hardness was required, and 2-4 if ease of fabrication or the absence of the small dead regions in the 3D electrodes were important.
The active edge fabrication steps are sketched for types 2 and 3 in Fig. 3 . The use of a plasma etch to establish the edges of radiation sensors can be extended to other materials besides silicon such as germanium, diamond, and compound semiconductors.
Tests
Types 1 and 2 have been tested in accelerator beams. Type 1 was tested in 2003 in the 120 GeV X5 muon beam at CERN. Results from that test will be published separately.
Type 2 has been tested with an X-ray microbeam at the Lawrence Berkeley Lab Advanced Light Source. Results will be described below. Results of the calculations of equipotentials for this type will be described in Section 4. Type 3 has also been fabricated. A 100-mm strip pitch sensor of type 4 was tested with an infra-red microbeam. The insensitive edge width, measured to an accuracy of 75 mm, was similar to those of the other types of devices, and was compatible with the thickness of the oxide edge layer, shown in Figs. 3c-f, of somewhat less than 1 mm.
The infrared microbeam was made by placing a HewlettPackard HFBR-1404 infrared light-emitting diode on the center of the eyepiece of the Mitutoyo microscope on our Alessi probe station, and projecting the light onto a moveable stage with 72 mm readout which held the sensor. The light-emitting diode had a wavelength of 820 nm, and a penetration depth of about 14 mm in silicon.
The Lawrence Berkeley Laboratory Advanced Light Source beam line 10.3.1, had a 12.4 keV X-ray microbeam with an energy passband of 6% and a width of 6 mm. Fig. 4 ARTICLE IN PRESS shows results from one of the wire scans that were used to measure the beam size. The wire diameter of 20 mm was much larger than both the beam size and the X-ray absorption length, so the scan distance to block the beam from a following sensor gives the beam size. It was made of tungsten (for strength) plated with gold (for surface smoothness) and was scanned across the beam in 0.2 mm steps. Despite its circular cross section, which might not seem to be ideal for such a measurement, at 0.4 mm in from the wire edge, 90% of the X-rays are already absorbed. The X-ray sensor used for this beam-shape scan was a 10 cm thick argon ion chamber at room temperature and pressure. Similar wire scans were made 3 mm upstream and 6 mm downstream from the sensor position. The measured widths from the 10% to 90% points on curves such as the one in Fig. 4 were 9 mm (À3 mm), 6 mm (0), and 12 mm (6 mm). Thus it is clear that there was no significant broadening of the beam in crossing the 0.1 mm thickness of the sensor. From the close locations of the vertical and horizontal grazing incidence beam focusing mirrors, the beam angular spread in the vertical direction would be expected to be similar. Fig. 5 shows an active edge sensor that was tested in this beam. The sensor had 16 p-type strips with a pitch of 150 mm, p-type bulk, and n-type bottom and sides, the latter covered with a thermal oxide layer about 0.8 mm thick (as in Fig. 3c ). The room temperature was 26 1C, and the sensor was not cooled.
The silicon sensor was scanned across the beam in 1 or 2 mm steps. Signals from it were taken by sending the current through a 100 k. resistor to the parallel combination of the 1 MO input impedance of a digital oscilloscope and a 100 nF capacitor (to reduce pickup and other sources of noise). The scope was triggered by the trailing edge of the stage motion pulse. After allowing 50 ms for the stage motion to settle and the current to stabilize, the current was ARTICLE IN PRESS (f) turn off side wall protection (photoresist still protects sensor), isotropic etch to self-aligned stop at thermal oxide; (g) (not shown) a temporary support wafer is attached to the top of sensor wafer with photoresist, the assembly is placed upside down in a plasma etcher, the support wafer is etched off, and the photoresist is dissolved with acetone, freeing the sensors. determined by averaging 128 measurements taken over an 800 ms period. Fig. 6 shows the edge and next-to-edge channel signals as the sensor is scanned across the beam. The rapid rise in signal height within several microns of the edge is expected. The oxide capping layer, which is less than 1 mm thick, indicated schematically in Fig. 3c , should be insensitive, but the side-wall diffusion turns the single crystal silicon immediately inside into an edge electrode. Ionization charge generated there should be able to diffuse, in several ns, to regions several mm away where, when the bulk is depleted, there is an electric field. The graded junction at the edge should also establish an electric field pushing one type of charge carriers away from the edge. There is a substantial signal even at zero bias voltage and a plateau from 2 to 30 V. Since collection times are relatively long at 0 V, this is an indication of good lifetimes and efficient charge collection, even near the active edges. The edge doping for active-edge types 2 and 3 will be the same as the bottom doping to prevent a high field junction at the bottom edges. There will thus be a diode junction between ARTICLE IN PRESS the top, edge electrodes and the physical edge, regardless of bulk type, making that a relatively high-field region. Breakdown voltages have been measured for 12 such devices, 250 mm thick, with a 30 mm strip pitch. One each broke down at 50 and 70 V, five at 200 V, and four did not break down at 210 V, the limit of the supply. Fig. 8 is similar to Fig. 6 , but shows the collection from the two edge channels, with a rapid near-edge turn on, even with zero bias voltage. Fig. 9 shows the signal from the edge channel only, but for four bias voltages from 0 to 20 V. From 2 V up, the collection pattern is almost constant. 
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Calculations of equipotentials
Fig . 10 shows the equipotentials for this sort of 3D active edge/planar sensor. The sensors are fully depleted with a bias of 5 V. Making the diode junction along the back and sides not only reduces the peak fields, but also makes it easy to deplete the corners. A general purpose partial differential equation solver, FlexPDE, Version 4 [14] was used to calculate potentials and electric fields in devices processed using 3D technology. This has a script language that can describe the equations, boundary conditions and complex geometry of 3D devices even when these involve a mix of cylindrical and rectangular structures. Normally one needs to solve the Poisson equation and continuity equations for electrons and holes. For the situation in which a reverse bias is used across a junction, and when leakage currents are negligible, one can use the non-linear Poisson equation only, Ref. [15] . This simplifies the problem considerably and allows one to solve for the potential distribution very quickly on a high-end PC.
Conclusions
Using elements of 3D fabrication technology, sensors with either planar or 3D electrodes have been made with edges that act as electrodes, and with sensitive volumes that have been measured with X-ray microbeams to extend to within several microns or less, of their physical boundaries.
